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Magnetic adatoms in two and four terminal graphene nanoribbons: A comparison
between their spin polarized transport
Sudin Ganguly∗ and Saurabh Basu†
Department of Physics, Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India
We study the charge and spin transport in two and four terminal graphene nanoribbons (GNR)
decorated with random distribution of magnetic adatoms. The inclusion of the magnetic adatoms
generates only the z-component of the spin polarized conductance via an exchange bias in the
absence of Rashba spin-orbit interaction (SOI), while in presence of Rashba SOI, one is able to
create all the three (x, y and z) components. This has important consequences for possible spintronic
applications. The charge conductance shows interesting behaviour near the zero of the Fermi energy.
Where in presence of magnetic adatoms the familiar plateau at 2e2/h vanishes, thereby transforming
a quantum spin Hall insulating phase to an ordinary insulator. The local charge current and the
local spin current provide an intuitive idea on the conductance features of the system. We found
that, the local charge current is independent of Rashba SOI, while the three components of the
local spin currents are sensitive to Rashba SOI. Moreover the fluctuations of the spin polarized
conductance are found to be useful quantities as they show specific trends, that is, they enhance
with increasing adatom densities. A two terminal GNR device seems to be better suited for possible
spintronic applications.
PACS numbers: 72.80.Vp, 73.20.At, 73.22.Gk,
I. INTRODUCTION
Graphene-based nanostructures have attracted a wide
attention owing to their several interesting electronic and
transport properties1–7 for a decade. Unconventional
quantum Hall effect1,3,4, half metallicity5,6, high carrier
mobility7, such interesting features make graphene as
promising candidates for nanoelectronics and spintron-
ics applications. The recent fabrication of freestanding
graphene nanoribbons (GNRs)8,9 has generated renewed
interest in carbon-based materials with exotic proper-
ties. GNRs are basically a single strips of graphene.
The electronic properties10,11 of graphene nanoribbons
depend on the geometry of the edges and lateral width
of the nanoribbons12. According to the edge termination
type, mainly there are two kinds of GNR, namely arm-
chair graphene nanoribbon (AGNR) and zigzag graphene
nanoribbon (ZGNR).
Since the edges play an important role in determin-
ing the electronic properties of GNR, they offer a vari-
ety of possibilities for tunable electronic properties, such
as edge modulation by inorganic atoms, molecules or
radicals13–16, application of transverse electric fields17,
adsorption or doping of atoms or molecules18–26 etc.
Metal atoms adsorbed onto graphene sheets also repre-
sent a new way for the development of new electronic or
spintronic devices. The electronic, structural, and mag-
netic properties of transition metals (TM) on graphene
sheets20–22 and graphene nanoribbons (GNR)23–26 have
been studied extensively, which are mostly based on ab-
initio density-functional theory (DFT). The spin depen-
dent transport in GNRs in presence of Rashba SOC has
been investigated in some cases, such as spin filtering
effect in zigzag GNR27, possible spin polarization direc-
tions for GNR with Rashba SOC28, effects of spatial sym-
metry of GNR on spin polarized transport29 etc.
Among the metal adatoms, the study of GNRs in pres-
ence of transition metals warrants some special attention
since TM serve as important catalysts for the synthesis
of graphite, CNT, GNR etc. Since TM catalysts (par-
ticularly iron) is a common impurity in the graphite30,
graphene layers fabricated from graphite are likely to
have these impurities. Longo et al. have showed that the
behaviour of Fe atom in a GNR is magnetic, in contrast to
the behavior found in graphene21,32. Mao et al.33 showed
that adsorption of Fe on graphene makes graphene metal-
lic and generates 100% spin polarization. Basically the
study of TM adsorption on graphene34,35 shows possible
applications in the realization of graphene-based elec-
tronic and spintronic devices. Motivated by the above
studies, it will be highly desirable to explore the spin-
tronic behaviour of TM adsorption on graphene and
graphene-based structures.
In the present work, we explore the charge and spin
transport properties of ZGNR decorated by magnetic
adatoms. For this, we consider a case where TM (partic-
ularly Fe) are adsorbed onto ZGNR. The resulting broken
structural symmetry gives rise to a Rashba spin-orbit in-
teraction (RSOI) and the hybridization between the car-
bon π state and the 3d-shell states of magnetic adatoms
generates a macroscopic exchange field36. A hall conduc-
tivity, σHxy of magnitude 2e
2/h is observed for the case
where the Fermi energy lies in the bulk gap. First prin-
ciple calculations report a bulk gap of almost 5.5 meV in
Fe adsorbed GNRs, which should be possible to verify in
experiments36. Further, in order to avoid any complicacy,
such as adatom-adatom interaction, spin-spin correlation
etc., we consider very small concentration of magnetic
adatoms, so that any interactions other than RSOI and
exchange field will not be present.
2We organize our paper as follows. In the following
section, we present, for completeness, the theoretical for-
malism leading to the expressions for the two terminal
charge and spin polarized conductances and four termi-
nal longitudinal and spin Hall conductances using the
well known Landauer-Bu¨ttiker formula. After that we
include an elaborate discussion of the results. Here, we
have tried to resolve few queries, how the spin polarized
conductance behaves in the two terminal case, whether
there is any similarity between the two terminal spin po-
larized conductance and four terminal spin Hall conduc-
tance. We have also included an interesting comparison
for the charge conductance properties for the case of two
and four terminal ZGNR.
II. THEORETICAL FORMULATION AND
MODEL
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FIG. 1. (Color online) Schematic view of a two terminal
graphene nanoribbon. The black and white circles repre-
sent the A and B sublattices of graphene. The brown circles
are the magnetic adatoms. The green circles are the affected
site due to magnetic adatoms. The black lines surrounding
the magnetic atoms correspond to nearest neighbour hopping
and Rashba SOC. Rest of the black lines contain only near-
est neighbour hopping. The leads are attached at both ends,
which are denoted by red color and are semi-infinite in na-
ture. The leads are free of any kind of SOC. Nx and Ny are
the length and width of the nanoribbon respectively.
To begin with we describe the geometry of the system
and make our notations clear. We consider a graphene
sheet adsorbed with magnetic atoms, which induces
Rashba SOI and generates an exchange field. The ef-
fective tight-binding Hamiltonian for graphene with such
adatoms is given by36,
H = −t
∑
〈ij〉
c†icj + iλR
∑
〈ij〉∈R
c†i
(
~σ × dˆij
)
z
cj
+ λEB
∑
i∈R
c†iσzci (1)
where c†i =
(
c†i↑ c
†
i↓
)
is the creation operator of elec-
trons at site i. The first term is the nearest neighbour
hopping term, with a hopping strength, t = 2.7 eV. The
second term is the nearest neighbour Rashba term which
explicitly violates z → −z symmetry. This term is in-
duced by the adatoms residing on the set of hexagons R
that are inhabited by the magnetic adatoms. The third
term is the exchange bias that (as shown in Fig.1) origi-
nates due to magnetic adatoms.
A. Two terminal (2T) GNR: formulation of charge
and spin polarized conductances
The zero temperature conductance, G which denotes
the charge transport measurements, is related with the
transmission coefficient as in37,38,
G =
e2
h
T (E) (2)
The Transmission coefficient can be calculated via39,40,
T = Tr [ΓRGRΓLGA] (3)
GR(A) is the retarded (advance) Green’s function. ΓL(R)
are the coupling matrices representing the coupling be-
tween the central region and the left (right) lead. They
are defined by the relation41,
ΓL(R) = i
[
ΣL(R) − (ΣL(R))
†
]
(4)
Here ΣL(R) is the retarded self-energy associated with
the left (right) lead. The self-energy contribution is com-
puted by modeling each terminal as a semi-infinite per-
fect wire42.
We define the spin polarized conductance as,
Gsα =
~
2e
[
IαR
VL − VR
]
(5)
IαR (α = x, y, z) is the spin current flowing through right
lead and VL/R is the potential at the left/right lead.
The spin polarized current can be calculated using43,44,
IαR =
e2
h
Tr [σˆαΓRGRΓLGA] (VR − VL) (6)
where, α = x, y, z and σ denote the Pauli matrices.
Fig.1 shows the geometry used for the calculations of
charge and spin polarized conductances. Fig.1 is the
setup corresponds to ZGNR. The length and width of
these systems can be determined as shown in the given
figure. In Fig.1, the width is, Ny = 12 and the length is,
Nx = 21. Thus we can denote the zigzag setup by NxZ-
NyA = 17Z-12A. This nomenclature for denoting the di-
mensions of the nanoribbon will be followed throughout
the paper.
3The black and white circles stand for the A and B
sublattices of graphene. The brown circles are the mag-
netic adatoms. The green circles are the affected site due
to magnetic adatoms. The black lines surrounding the
adatoms correspond to the nearest neighbour hopping
and the Rashba SOC. Rest of the black lines denote only
nearest neighbour hopping. The leads are semi-infinite
in nature, attached at both ends and are denoted by red
color. The leads are considered to describes by a pure
tight binding graphene lattice and hence are free of any
kind of SOC.
B. Four terminal (4T) GNR: formulation of
longitudinal and spin Hall conductances
1 2
3
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FIG. 2. (Color online) Schematic view of a four terminal
graphene nanoribbon. The black and white circles represent
the A and B sublattices of graphene. The brown circles are
the magnetic adatoms. The green circles are the affected sites
due to magnetic adatoms. The black lines surrounding the Au
atoms correspond to nearest neighbour hopping and Rashba
SOC. Rest of the black lines contain only nearest neighbour
hopping. The leads are attached at the four sides, which are
denoted by red color and are semi-infinite in nature. The
leads are free of any kind of SOC.
In order to observe the spin Hall conductance, a charge
current is allowed to flow between terminal 1 and 2, and
a spin current is observed to flow along the transferred
direction of the rectangular sample, that is between ter-
minals 3 and 4 as shown in Fig.2.
In case of four terminal device, the longitudinal and
spin Hall conductances are defined as follows,
G =
Iq2
V1 − V2
GαSH =
~
2e
[
Iα3
V1 − V2
]
(7)
where, Iq2 is the charge current flowing through terminal
2 and Iα3 (α = x, y, z) is the spin current polarized in a
particular direction α and flowing through terminal 3. Vi
is the potential at the i-th lead.
Following the Landauer-Bu¨ttiker formula37,38, the
charge and spin currents can be calculated from the fol-
lowing expression43,44,
Iαp =
e2
h
∑
q
Tr [σˆαΓqGRΓpGA] (Vp − Vq) (8)
where, σˆα = (σ0, σx, σy, σz). σ0 is a 2× 2 identity matrix
and σx, σy , σz are the Pauli matrices. σ0 in Eq.8 gives
the usual charge current, while the Pauli matrices yield
the spin currents polarized in different directions (x, y
and z).
Since leads 3 and 4 are voltage probes, Iq3 = I
q
4 = 0. On
the other hand, as the currents in various leads depend
only on voltage differences among them, we can set one of
the voltages to zero without any loss of generality. Here
we set V2 = 0.
III. RESULTS AND DISCUSSIONS
We have studied the charge and spin conductance
properties in ZGNR decorated by magnetic adatoms and
compared the results for two and four terminal devices.
Before embarking on the results, we briefly describe
the values of different parameters used in our calcula-
tion. We set the hopping term, t = 2.7 eV. Throughout
our work, we take the ZGNR setup as 89Z-48A for the
two terminal case. While for the four terminal device it
is 85Z-52A. All the energies are measured in unit of t.
The charge conductance is measured in units of e
2
~
and
the spin polarized conductance is measured in units of e4pi
for the 2T case. The longitudinal and spin Hall conduc-
tances are measured in units of e
2
~
and e4pi respectively
for the 4T case. Also the lattice constant, a is taken
to be unity. All the measurable quantities are averaged
over 50 independent random-adatom configurations for
different adatom concentrations, nad. In this work, we
have considered three different adatom concentrations,
namely, nad = 0.025, 0.05 and 0.1. We have checked that
50 configurations are adequate in the present context, es-
pecially, since the adatom densities considered here are
small. For most of our numerical calculations we have
used KWANT45.
A. Two terminal
The behaviour of charge conductance, G for two termi-
nal case is studied as a function of the Fermi energy, E as
shown in Fig.3 for two different cases, λR = 0 in Fig.3(a)
and λR = 0.2 in Fig.3(b). The strength of the exchange
field is kept fixed at λEB = 0.18. Corresponding to these
parameters, the insulating bulk states are clearly dis-
cernible from the chiral conducting edge states36. The
variation of G as a function of the Fermi energy is quite
4similar for two different strengths of the Rashba SOI. G is
symmetric around the zero of the Fermi energy and shows
a nice necklace-type pattern for both the case. However,
the behaviour of G close to zero of the Fermi energy is
different for the two different values of λR. In order to
visualize the behaviour of G close to zero of the Fermi
energy, we plot G for a small range of the Fermi en-
ergy as shown in the inset in Fig.3. In the absence of
Rashba SOI, G always stays finite. On the other hand,
in presence of Rashba SOI, G tends to vanish values in
the vicinity of E = 0 as we increase the adatom concen-
tration. It identically vanishes at nad = 0.1. The 2e
2/h
plateau in pristine graphene in presence of Rashba SOI
is believed to be a signature of the quantum spin Hall in-
sulating phase protected by the time reversal symmetry.
In presence of the exchange bias, the time reversal sym-
metry is explicitly violated leading to the disappearance
of the plateau and giving rise to features of an ordinary
insulator.
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FIG. 3. (Color online) The two terminal charge conductance,
G is plotted as a function of the Fermi energy, E (a) in the
absence of Rashba SOI and (b) in the presence of Rashba SOI
with strength, λR = 0.2. The strength of the exchange field
is fixed in both the cases at λEB = 0.18. To visualize the
behaviour of G near the zero of the Fermi energy, we plot the
variation of G for a small range of the Fermi energy as shown
in the insets.
We did not show the fluctuations in the charge conduc-
tance in Fig.3 in order to avoid cluttering of data. How-
ever, the fluctuations in the charge conductance, ∆G is
plotted as a function of the Fermi energy separately as
shown in Fig.4 for clarity. Fig.4(a) shows the variation of
G in the absence of Rashba SOI and Fig.4(b) for a Rashba
strength, λR = 0.2. In both cases, fluctuations increases
with increasing the adatom concentration. Rashba SOI
suppresses the fluctuations in the charge conductance as
seen from Fig.4(b). The spike-like behaviour in ∆G is
due to the finite number of open channels in the leads
and may be due to the spin precision effect46,47. For
clarity, we have taken only two different adatom concen-
trations, namely nad = 0.025 (denoted by blue color) and
0.1 (denoted by green color).
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FIG. 4. (Color online) The fluctuations in the charge con-
ductance, ∆G is plotted as a function of the Fermi energy, E
for (a) λR = 0 and (b) λR = 0.2. Only two different adatom
concentrations are taken, namely, nad = 0.025 and 0.1 for
clarity.
It is expected that in the absence of Rashba SOI, the
exchange field generates only the z-component of the spin
polarized conductance, since the exchange field contains
only the z-component of the Pauli spin matrix (see Eq.1).
However, the inclusion of the Rashba SOI generates all
the three components of the spin polarized components.
Fig.5(a-c) shows the variation of the z-component of
the spin polarized component, Gsz (in units of e/4π) as a
function of the Fermi energy, E in the absence of Rashba
SOI for three different adatom concentrations. Gsz is anti-
symmetric as a function of the Fermi energy owing to the
electron-hole symmetry28,48. Though we consider very
dilute adatom concentrations, Gsz acquires quite a large
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FIG. 5. (Color online) (a-c)The two terminal spin polarized
conductance, Gsz is plotted as a function of the Fermi energy
in the absence of Rashba SOI for three different adatom con-
centrations, namely nad =0.025, 0.05 and 0.1. (d-f) Their
corresponding fluctuations are plotted as a function of E.
value in the absence of Rashba SOI. The spike-like nature
as discussed before is due to the finite number of open
channels in the leads. The fluctuations in Gsz denoted
by ∆Gsz is plotted as a function of the Fermi energy, E
as shown in Fig.5(d-f). ∆Gsz is symmetric about E = 0.
However, in the absence of Rashba SOI, ∆Gsz is more or
less independent of the adatom concentration.
The behaviour of all the three components of spin po-
larized conductance as a function of E in presence of
Rashba SOI is plotted in Fig.6(a-c). The magnitude of
the spin polarized conductance increases with increasing
the adatom concentration. The z-component, namely
Gsz has a higher magnitude than the other two compo-
nents of the spin polarized conductance. However, all
of them are antisymmetric about E = 0 as they should
be. The magnitude of Gsz in presence of Rashba SOI
is lower than the values corresponding to that of in the
absence of Rashba SOI. The spike-like feature is mostly
prominent in the behaviour of Gsz and a little in G
s
y.
The behaviour of the corresponding fluctuations in the
spin polarized conductance is shown in Fig.6(d-f). As
the adatom concentration is increased, the fluctuations
also increase. But the most interesting feature about
the fluctuations is that all the three components, that is
∆Gsi (i = x, y, z) have a unique behaviour as elaborated
in the following. Even if the different components of the
spin polarized conductance have different variations as a
-0.3
0
0.3
G
s x
 
(e/
4pi
)
n
ad = 0.025
n
ad = 0.050
n
ad = 0.100
-0.5
0
0.5
G
s y
 
(e/
4pi
)
-0.4 -0.2 0 0.2 0.4
E
-1.5
0
1.5
G
s z
 
(e/
4pi
)
λR = 0.20 λEB = 0.18
(a)
(b)
(c)
0
0.4
∆G
s x
 
(e/
4pi
)
0
0.4
∆G
s y
 
(e/
4pi
)
-0.4 -0.2 0 0.2 0.4
E
0
0.4
∆G
s z
 
(e/
4pi
)
λR = 0.20 λEB = 0.18 (d)
(e)
(f)
FIG. 6. (Color online) In presence of Rashba SOI, the three
components of the spin polarized conductance (a) Gsx, (b) G
s
y
and Gsz are plotted as a function of the Fermi energy. (d-f)
Their fluctuations are plotted as a function of E.
function of E and have different orders of magnitude for
a particular strength of the exchange field in presence of
Rashba SOI, yet the orders of magnitude of their fluctua-
tions are almost same. Further, as usual the fluctuations
increases with increasing adatom concentration.
The inclusion of magnetic adatoms generates the ex-
change field and as a result, the time reversal symmetry is
broken. Hence the system will no longer have a Kramer’s
doublet. This phenomena can be justified through the
density of states (DOS) for different species, that is DOS
for up and down spins. We denote the total density of
states by DOS, the density of states coming from spin up
electron by UDOS and that from spin down electron by
DDOS. We also define the difference between the UDOS
and DDOS by DiffDOS.
The variation of the DOS as a function of the Fermi
energy is hence plotted in Fig.7 for a particular strength
of the exchange field, λEB = 0.18. Fig.7(a) shows
the behaviour of UDOS and DDOS in the absence of
Rashba SOI and Fig.7(d) in presence of Rashba SOI. It
is observed that UDOS is antisymmetric with respect to
DDOS as a function of the Fermi energy. The difference
between UDOS and DDOS, that is DiffDOS is plotted
in Fig.7(b) and Fig.7(e) in the absence and presence of
Rashba SOI respectively. In both cases UDOS − DDOS
is antisymmetric about E = 0. The total DOS, that is
the sum of DOS due to spin up and spin down electrons
is plotted in Fig.7(c) and Fig.7(f). DOS is symmetric
60
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FIG. 7. (Color online) The density of states (DOS) for the
spin up and spin down electrons are plotted as a function of
the Fermi energy, E (a) for λR = 0 and (d) for λR = 0.2. The
difference between DOS↑ and DOS↓ are plotted as a function
of E (b) for λR = 0 and (e) for λR = 0.2. The behaviour of
total DOS is plotted as a function of the Fermi energy (c) for
λR = 0 and (e) for λR = 0.2. for clarity we consider only a
single adatom concentration, nad = 0.1.
about E = 0.
We can summarize the observations noted from the
DOS data, as shown by the following set of properties,
UDOS(E) = DDOS(−E)
DiffDOS(E) = −DiffDOS(−E) (9)
DOS(E) = DOS(−E)
In order to have a deeper look, we have also shown the
local charge and spin currents for a fixed Fermi energy.
Since the left lead acts as an input to the system, we are
interested in the local charge and spin currents which
have originated due to the left lead.
Fig.8(a) shows the nature of the local charge current,
J0 in the absence of Rashba SOI for a fixed value of
the Fermi energy, namely E = −0.09. Clearly the local
charge current is flowing between the left to the right lead
without any distortion. In case of spin currents, there
are three components, namely Jx, Jy, Jz. Since in the
absence of Rashba SOI only z-component of the local spin
current exits, we have calculated Jz as shown in Fig.8(b).
The number of paths between left and right leads are less
compared to the local charge current. Few of the paths
are even circling around certain points signaling a vortex
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FIG. 8. (Color online) (a) The local charge current, J0 and
(b) the z-component of the local spin current are shown in the
absence of Rashba SOI. Both the figures are obtained for the
adatom concentration nad = 0.1 and we set the Fermi energy
at E = −0.09. Figure (b) shows presence of some centers
around which Jz whirls.
like behaviour.
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FIG. 9. (Color online) (a) The local charge current J0,
(b) the x-component of the local spin current, Jx, (c) the
y-component of the local spin current, Jy and (d) the z-
component of the local spin current, Jz are shown in the pres-
ence of Rashba SOI with strength λR = 0.2. The strength of
the exchange field is λEB = 0.18. We set the Fermi energy at
E = −0.09 and the adatom concentration in the present case
is nad = 0.1. Centers similar to Fig.8(b) have been noticed in
the Jx, Jy and Jz plots.
Since the inclusion of Rashba SOI generates the two
other components of the spin polarized conductance,
namely the x and y components, it will be meaningful to
study the local spin currents of these components. Ex-
istence of all of these components should be beneficial
for spintronic applications of magnetic adatom decorated
GNRs.
For this, we set, as before, the strength of the Rashba
SOI at λR = 0.2 and fixed the energy at E = −0.09. The
7local charge and spin currents are shown in Fig.9. The
local charge current, J0 is again flowing between left and
right leads as shown in Fig.9(a), which reveals that J0 is
almost independent of the Rashba SOI which is under-
standable. Fig.9(b),(c) and (d) show respectively Jx, Jy
and Jz. If we recall Fig.6, where G
s
i (i = x, y, z) are plot-
ted as a function of the Fermi energy, the x-component
of the spin polarized conductance has the lower magni-
tude compared to the other two components. This can
be explained from Fig.9(b). Here we see that the number
of clear paths between left and right leads are very less
compared to the paths corresponding to Jy and Jz. As
a result, Gsx has lesser magnitude than G
s
y and G
s
z .
One point should be mentioned here that all the plots
in Fig.8 and Fig.9 are obtained for a single configuration
corresponding to nad = 0.1. Another configuration or
taking an average over several configurations may change
the plots, but the qualitative feature will remain same.
B. Four terminal
Having emphasized upon the conductance characteris-
tics of a 2T GNR, it is useful to compare and contrast
with respect to the 4T devices.
To begin with the results in case of four terminal de-
vice, we shall remind ourselves that the setup for mea-
suring the longitudinal conductance (G) and spin Hall
conductance (GSH). As shown in Fig.2, an electric cur-
rent is allowed to pass between terminal 1 and 2, and the
longitudinal conductance is measured. Terminals 3 and 4
are the voltage probes, hence there will be no charge cur-
rent flowing through them. The spin Hall conductance is
measured between terminals 3 and 4.
The behaviour of the charge conductance, G for a 4T
case is studied as a function of the Fermi energy (E) as
shown in Fig.10 for two different cases as earlier, namely,
λR = 0 in Fig.10(a) and λR = 0.2 in Fig.10(b). The
strength of the exchange field is kept fixed as in case of
two terminal case, that is at λEB = 0.18. G is symmet-
ric around the zero of the Fermi energy and shows a nice
necklace-type pattern for both the case. However, the be-
haviour of G close to zero of the Fermi energy is different
for two different values of λR. We plot G for a small range
of the Fermi energy in the vicinity of E = 0 as shown in
the inset in Fig.10. In the absence of Rashba SOI, G
always remain non-zero. On the other hand, in presence
of Rashba SOI, G tends to have lower values near E = 0
as we increase the adatom concentration. One can ex-
pect an insulating behaviour about E = 0 in presence of
Rashba SOI if we increase the adatom concentration be-
yond nad = 0.1. There is a crucial difference between the
2T and 4T devices with regard to the plateau at 2e2/h
in the vicinity of the zero of the Fermi energy implying
the existence of a quantum spin Hall phase. As discussed
earlier, there is a fairly flat plateau for a 2T GNR without
magnetic adatoms, which is visibly absent for a 4T GNR
(see Fig.10 and the insets). This is another minor, where
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FIG. 10. (Color online) The four terminal charge conduc-
tance, G is plotted as a function of the Fermi energy, E (a) in
the absence of Rashba SOI and (b) in the presence of Rashba
SOI with strength, λR = 0.2. The strength of the exchange
field is fixed in both the cases at λEB = 0.18. To visualize
the behaviour of G near the zero of the Fermi energy, we plot
the variation of G for a small range of the Fermi energy as
shown in the inset.
in a 2T device, we have observed G to completely vanish
at nad = 0.1, while in the 4T GNR, it would eventually
vanish for nad > 0.1.
The fluctuations in the charge conductance, ∆G is
plotted in Fig.11(a) in the absence of Rashba SOI and in
Fig.11(b) in presence of Rashba SOI. In each of the plots,
∆G falls off as we come close to E = 0, from either side
of the band and again increases near E = 0. The fluctua-
tions increases as we increase the adatom concentration.
By comparison the two plots, we observe that the inclu-
sion of Rashba SOI causes larger fluctuations than the
corresponding case where Rashba SOI is absent.
Same as that of the spin polarized conductance, the
spin Hall conductance has also three components, namely
GxSH , G
y
SH and G
z
SH . Since the x and y-component of
the spin Hall conductance are absent in the absence of
Rashba SOI, we have shown only the variation of GzSH
in units of e/4π as a function of the Fermi energy as
shown in Fig.12(a-c)and corresponding fluctuations in
Fig.12(d).
GzSH is plotted for three different adatom concentra-
tions separately for better clarity. The behaviour of GzSH
is antisymmetric about E = 0 and the magnitude (irre-
spective of the sign factor) increases as the adatom den-
sity is enhanced. The maximum values of GzSH are ob-
served on either side of the zero of the Fermi energy and
close to E = 0, the value decreases. The correspond-
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FIG. 11. (Color online) The fluctuations in the charge con-
ductance, ∆G is plotted as a function of the Fermi energy,
E for (a) λR = 0 and (b) λR = 0.2. Three different adatom
concentrations are taken, namely, nad = 0.025, 0.05 and 0.1.
ing fluctuations are shown in a single plot in Fig.12(d).
As expected, with increasing the adatom concentration,
∆GzSH increases. Another important point to be noted
here is that there is a finite region about the zero energy
where GzSH and ∆G
z
SH are strictly zero irrespective of
the adatom concentration which is owing to the single
channel transmission27,28.
The effect of the inclusion of Rashba SOI on the three
components of the spin Hall conductance is observed in
Fig.13(a-c). All of them are antisymmetric about E = 0.
Their magnitude increases with increasing the adatom
concentration. Though the behaviour of the different
components of the spin Hall conductance are different in
nature as a function of the Fermi energy, their order of
magnitude is similar. The fluctuations in the spin Hall
conductance are plotted in Fig.13(d-f) as a function of
the Fermi energy. as observed the case in the absence of
Rashba SOI, in the present case, GxSH , G
y
SH and G
z
SH
have similar variations with E, that is they increase with
increasing adatom concentration. further, their orders of
magnitude are also same.
The DOS plots in the absence of Rashba SOI are
shown in Fig.14(a-c) and in the presence of Rashba SOI
in Fig.14(d-f). UDOS and DDOS are antisymmetric to
each other as we have observed in case of two terminal
case. the magnitude of UDOS and DDOS are higher at
higher values of E as shown in Fig.14(a) and Fig.14(d)
and in both the cases, that is, in presence and absence of
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FIG. 12. (Color online) (a-c)The four terminal spin polar-
ized conductance, Gsz is plotted as a function of the Fermi
energy, E in the absence of Rashba SOI for three different
adatom concentrations. (d) Their corresponding fluctuations
are plotted as a function of E.
Rashba SOI, their magnitudes seem to be independent
of the strength of Rashba SOI. The difference between
UDOS and DDOS, DiffDOS (= UDOS - DDOS) is an-
tisymmetric in nature as a function of the Fermi energy
and has somewhat larger oscillatory behaviour in pres-
ence of RSOI than that in the absence of RSOI. Also the
total DOS is symmetric about E = 0. Basically all the
three quantities are in good agreement with Eq.10 both
in the absence and presence of Rashba SOI.
Finally, the local charge current and the z-component
of the local spin current are shown in Fig.15(a) and
Fig.15(a) respectively in the absence of Rashba SOI. For
the local charge current, it is observed that as though the
transverse leads are voltage probes, the charge current is
flowing between lead 1 and lead 3. In another word, the
charges are trying to accumulate at the transverse edges
of the sample and as a result less charge current flows be-
tween terminals 1 and 2. This in turn reduces the charge
conductance in case of a 4T device than the 2T case. The
z-component of the local spin current is clearly flowing
from terminals 1 to 3 and between terminal 1 to 4. As
a result the non-zero GzSH occurs due to presence of the
exchange field.
The local charge and spin currents are shown in Fig.16
in presence of Rashba SOI. The local charge current, J0
flows between the left and right leads (terminals 1 and 2
respectively) as shown in Fig.16(a). We observe that J0
is almost independent of the Rashba SOI. This explains
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FIG. 13. (Color online) In presence of Rashba SOI, the three
components of the spin polarized conductance (a) Gsx, (b) G
s
y
and Gsz are plotted as a function of the Fermi energy, E. (d-f)
Their fluctuations are plotted as a function of E.
why the charge conductance is independent of the Rashba
SOI as shown in Fig.10(a) and Fig.10(b).
Fig.16(b), (c) and (d) show respectively local currents,
namely Jx, Jy and Jz . We observe that the magnitude
of the z-component of the spin Hall conductance (see
Fig.12(a-c)) is one order magnitude lower than any one
of the components of SHC in presence of Rashba SOI,
which can be explained as following. From Fig.16(b-c),
the number of paths between terminal 1 and either ter-
minals 3 or 4 are more than the absence of Rashba SOI
case as shown in Fig.15(b). As a result, the amount of
spin current will be less in the absence of Rashba SOI.
IV. CONCLUSION
In the present work we have studied the behaviour
of the charge and spin transport properties in graphene
nanoribbon with magnetic adsorbates both in case of two
terminal and a four terminal GNR. Specifically for the
two terminal case, we study the charge and spin polarized
conductance and for the four terminal case the spin Hall
conductance. In all the cases we found that the charge
conductance is symmetric about the zero of the Fermi
energy, while the spin polarized conductance (for two
terminal case) and spin Hall conductance (for four termi-
nal case) are antisymmetric about the zero of the Fermi
energy.The fluctuations of the charge and spin conduc-
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FIG. 14. (Color online) The four terminal density of states
(DOS) for the spin up and spin down electrons are plotted
as a function of the Fermi energy (a) for λR = 0 and (d)
for λR = 0.2. The difference between DOS↑ and DOS↓ are
plotted as a function of E (b) for λR = 0 and (e) for λR = 0.2.
The behaviour of total DOS is plotted as a function of the
Fermi energy (c) for λR = 0 and (e) for λR = 0.2. for clarity
we consider only a single adatom concentration, nad = 0.1.
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FIG. 15. (Color online) (a) For the four terminal case, the
local charge current, J0 and (b) the z-component of the local
spin current are shown in the absence of Rashba SOI. Both the
figures are obtained for the adatom concentration nad = 0.1
and we set the Fermi energy at E = −0.09.
tances show systematic behaviour, that is they increase
with increasing adatom concentration. We also study
the DOS behaviour and their behaviour are alike in both
two and four terminal cases. The local charge current is
found to be independent of the strength of Rashba SOI,
while the three different components of the local spin cur-
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FIG. 16. (Color online) (a) The local charge current J0,
(b) the x-component of the local spin current, Jx, (c) the
y-component of the local spin current, Jy and (d) the z-
component of the local spin current, Jz are shown in the pres-
ence of Rashba SOI with strength λR = 0.2. The strength of
the exchange field is λEB = 0.18. We set the Fermi energy at
E = −0.09 and the adatom concentration in the present case
is nad = 0.1.
rents are sensitive to Rashba SOI that is generated by the
magnetic adatoms. Further the z-component of the spin
polarized conductance for 2T GNR is larger by approx-
imately a factor of 5 compared to its 4T counterpart,
while the other two components are nearly same for the
2T and 4T devices. Of course a 4T device permits obser-
vations of a spin Hall conductance, which is absent in the
case of a 2T GNR. Moreover the conductance properties
of a 4T setup has lesser fluctuations.
The increase in the components of the spin polarized
conductances in magnetic decorated GNRs with Rashba
SOI signal a larger spin current flowing in the sample
and hence must have greater utility as possible spintronic
devices.
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